The identification of potential cathode materials is a requirement for the development of a rechargeable calcium based battery technology. In this work, we use Density Functional Theory (DFT) calculations to explore the electrode characteristics of three ternary calcium cobalt oxides with distinct CoeO dimensionality: 3D-Ca 2 Co 2 O 5 (brownmillerite type structure), 2D-Ca 3 Co 4 O 9 (a misfit compound) and 1D-Ca 3 Co 2 O 6 (K 4 CdCl 6 structural type). For the three compounds calculations predict Co 3+ /Co 4+ voltages in the 3-4 V range, with a volume variation below 8% upon Ca deinsertion. Further Co 4+ oxidation is predicted at too high voltages not reachable in practice. The maximum specific capacities are therefore 192 mAh/g (Ca 2 Co 2 O 5 ), 165 mAh/g (Ca 3 Co 4 O 9 ) and 160 mAh/g (Ca 3 Co 2 O 6 ). The potential application of Ca 2 Co 2 O 5 is discarded based on a large energy barrier for Ca diffusion (1.3 eV). With energy barriers for Ca diffusion of 0.9 eV, the 2D and 1D oxides are appealing as low rate cathode materials. To complete a previous experimental investigation, we have analyzed the reversibility of the Ca deinterclation reaction of 1D-Ca 3 Co 2 O 6 . It is found that a phase transformation takes place upon decalciation driven by the change in the electronic configuration of Co ions (from High Spin-trigonal prismatic Co 3+ to octahedral Low Spin-Co 4+ ) and involving the Ca diffusion pathways.
Introduction
Lithium-ion batteries (LIB) are a key component for portable electronic devices, more importantly, they may offer a possible near-term solution for environment-friendly transportation and energy storage for renewable energies source such as solar and wind. Although LIB offer higher energy density and a longer cycle life than other battery technologies, to meet the increasing energy and power demand at lower cost, advances in electrochemical energy storage systems are urgently needed. An attractive longer term alternative is to combine sustainability with prospects of high energy density and develop metal anode technologies based on multivalent abundant elements such as Ca or Mg [1] . Calcium is an attractive candidate due to its low cost, natural abundance and low reduction potential [2] [3] [4] . At this very early stage of the Ca-based technology, critical technical advancements are necessary towards overcoming the existing hurdles [5] . Among them, developing cathode materials enabling effective diffusion of Ca 2+ ions is far from being evident [6] . Several compounds (oxides, sulphides and phosphates) have been investigated as cathode intercalation materials for Ca batteries. Recent reviews summarize the main results [2, 4, 5] . A specific capacity around 200 mAh/g at 2 V is attainable for the classical intercalation material TiS 2 [7] , with other chalcogenides offering interesting prospects in terms of Ca diffusion although with a penalty in voltage [8, 9] . The more sluggish kinetics of Ca 2+ diffusion in oxides is a handicap to develop high energy density cathode materials [4, [10] [11] [12] . The local topology is a critical factor for Ca 2+ mobility [6, 10, 12] , and fundamental research is needed to identify propitious crystal chemistries.
The high redox potential of the Co 4+ /Co 3+ couple makes cobalt oxides an interesting class of materials to investigate. In addition, calcium cobalt oxides crystallize in a variety of structural types, allowing to map fundamental cathode properties-structure relationship. Preliminary work suggests reversible electrochemical activity for layered-CaCo 2 O 4 (a form without stability field in the P-T Ca-Co-O phase diagram) in electrochemical cells bearing V 2 O 5 as the anode [13] . Irreversible calcium extraction has been proven for Ca 3 Co 2 O 6 at 3.5 V vs the Ca electrode [14] . In addition good electrochemical properties are predicted for the virtual spinel CaCo 2 O 4 [15] . These promising results encourage the investigation of other calcium cobalt oxides. Two ternary oxides appear in the CaO-CoO phase diagram: Ca 3 Co 2 O 6 and Ca 9 Co 12 O 28 (normally expressed as Ca 3 Co 4 O 9 ) [16] [17] [18] . Another ternary oxide with the brownmillerite structure (Ca 2 Co 2 O 5 ) has been reported [19, 20] . From the crystal dimensionality point of view, the CoeO arrangements in these oxides provide a 3D (brownmillerite), 2D (Ca 3 Co 4 O 9 ) and 1D (Ca 3 Co 2 O 6 ) skeleton for Ca diffusion (see Fig. 1 ).
In the present work, we utilize first principles calculations at the Density Functional Theory (DFT) level to sketch the voltage-composition profile of Ca 3 Co 2 O 6 , Ca 3 Co 4 O 9 and Ca 2 Co 2 O 5 and evaluate their maximum specific capacities. Ca diffusion in the 1D, 2D and 3D-cobalt oxides is estimated thorough the computation of the energy migration barriers. The DFT-extracted energy barriers are rationalized focussing in the crystal dimensionality and the topology around the diffusing Ca ions. Finally, the reversibility of the deintercalation reaction from the most promising oxide Ca 3 Co 2 O 6 is investigated in depth.
Structures
The brownmillerite structure ( Fig. 1a ), of general formula A 2 B 2 O 5 , can be described as an oxygen-deficient perovskite, where the oxygen vacancies are fully ordered, resulting in layers alternating between corner-sharing octahedra and tetrahedral along the b axis of the structure (Space Group Pnma). A transition to a cubic perovskite might occur at higher temperatures, in which vacancies become disordered. While the interesting magnetic and electronic properties of calcium ferrite Ca 2 Fe 2 O 5 have motivated a considerable amount of research, investigations on the isostructural Ca 2 Co 2 O 5 has been more limited due to the difficult synthesis of the material [21] [22] [23] O 12 where Co is in a formal oxidation state of +3.2).
The monodimensional structure of Ca 3 Co 2 O 6 ( Fig. 1c ) crystallizes in K 4 CdCl 6 -type structure (S.G. R-3c). The CoeO atoms form chains of alternating face-sharing CoO 6 octahedra (Oh) and CoO 6 trigonal prisms (TP) along the hexagonal c axis. The chains are separated by eight coordinated calcium atoms. The resulting short metal-metal intra-chain distance (2.59 Å) compared to the inter-chain distance (5.24 Å) reinforces the 1D character of the structure. Along the c axis each Co chain is surrounded by six chains constituting a hexagonal pattern in the basal plane. Ca 3 Co 2 O 6 belongs to the homologous series of monodimensional oxides with general formula Ca n+2 CoCo′ n O 3n+3 , with Co and Co′ corresponding to ions in prismatic and octahedral coordination, respectively [28, 29] . The initial atomic positions for Ca 3 Co 2 O 6 were taken from [30] ; the cell comprises two unit formulae (Ca 6 Co 4 O 12 ).
Methodology
The calculations have been performed using the ab-initio total-energy and molecular dynamics program VASP (Vienna ab-initio simulation program) developed at the Universität Wien [31] . Total energy calculations based on Density Functional Theory (DFT) were performed within the General Gradient Approximation (GGA), with the exchange and correlation functional form developed by Perdew, Burke, and Ernzerhof (PBE) [32] . The interaction of core electrons with the nuclei is described by the Projector Augmented Wave (PAW) method [33] . The O (2s 2 , 2p 4 ), Ca (3p 6 4s 2 ) and Co (3d 7 4s 2 ) are taken as valence states. The energy cut off for the plane wave basis set was kept fix at a constant value of 600 eV throughout the calculations. The integration in the Brillouin zone is done on an appropriate set of k-points determined by the Monkhorts-Pack scheme to ensure a numerical convergence error of < 10 meV/f.u. All crystal structures were fully relaxed (atomic positions, cell parameters and volume) within a force convergence criterion of 0.02 eV/Å. Spin polarized calculations were performed in all cases. The formal oxidation state of transition-metal ions can be determined by integrating the spin-polarization density in a sphere around the ion [34] . The final energies of the optimized geometries were recalculated to correct the changes in the basis set of wave functions during relaxation. Calcium cobalt-oxides materials display complex magnetic, optical and electronic properties, which are difficult to capture with DFT methods. Previous computational works suggest that strong electronelectron correlation plays an important role in Ca 3 Co 2 O 6 and Ca 4 Co 3 O 9 materials, and the performance of GGA/GGA + U/hybrid functional methods has been matter of debate [26, 27, [35] [36] [37] [38] [39] [40] [41] . Most of the results support that the necessary ingredient for obtaining agreement with photoemission experiments, magnetic and electrical measurements is to take the correlations into account. It should be however underlined that other reports advice that the GGA is a better approximation than the GGA + U for some Co-oxides such as layered M x CoO 2 (M = Li, Na [42] , Mg, Ca) [43] and Ca 3 Co 2 O 6 [36, 38] . In this work the total energies of the GGA-optimized compounds have been calculated using the GGA + U method, following the simplified rotationally invariant form of Dudarev et al. [44] with U = 4 eV and J = 1 eV for the Co-d states. This choice of U eff = 3 eV is consistent with previous works in Cooxides [35, 36, 45, 46] . For a better description of the van der Waals interactions, additional calculations for the 1D and 2D systems were also performed using the optB86b-vdW exchange-correlation functional (hereafter GGA-OPT) [47] .
The crystal models for the fully deintercalated phases were constructed removing all the Ca ions from the relaxed structures of the initial oxides. To simulate the crystal structure of the possible halfdeinserted compounds it is necessary to establish and ordered pattern within Ca ions and vacancies. We created 14 and 10 Ca-vacancy arrangements for half-decalciated 3D-CaCo 2 O 5 and 2D-Ca 4 Co 5 O 12 , respectively, using the CASM software package [48, 49] . To simulate the intermediate phases Ca 3x Co 2 O 6 (0 < x < 0.5) we have constructed Ca/vacancies configurations within the unit cell of Ca 3 Co 2 O 6 . The three possible models for x = 0.5 (Ca 1.5 Co 2 O 6 ) and x = 0.6667 (Ca 2 Co 2 O 6 ), and the one for x = 0.833 (Ca 2.5 Co 2 O 6 ) have been computed. In addition we have calculated the total energy of Ca 2 Co 2 O 6 within the crystal structure of 1D-BaCoO 3 , which is the structure of the n = ∞ member of the Ca n+2 CoCo′ n O 3n+3 family [50] .
The Ca 2+ mobility in the three cobalt oxides is investigated using the Nudged Elastic Band method (NEB) as implemented in VASP [51] . NEB calculations have been carried out at the dilute limit x~1, that is, the migration of a single vacancy in an otherwise fully inserted structure. To attain the dilute limit, we used superstructures of the unit cells that guarantee a minimum interaction between defects: 3D-Ca 31 
Results and discussion a) Voltage-composition curves of Co compounds vs Ca
For all the initial phases the GGA, GGA + U and GGA-OPT approximations yield lattice parameters differing with the experimental in < 5% (see tables in S.I. 
As described in the Methodology section, several crystallographic models for the Co 4+ phases have been investigated for each system (see S.I. for more details). The calculated average voltages for Ca deinsertion considering the most stable configuration found out of these Co 4+ models are given in Fig. 2 . Regardless the expected GGA vs. GGA + U differences, the potentials for Co 3+ oxidation to Co 4+ fall in the range 3-4 V. Palacín et al. demonstrated that Ca ions can be irreversibly extracted from Ca 3 Co 2 O 6 at c.a. 3.5 V, however, comparison with the computed voltage is biased by the large and undetermined overpotential of the electrochemical cells [14] . Fig. 2 also shows the specific capacity and volume variations associated to reactions (1)-(3). Importantly, the volume variation is quite small for the three oxides (maximum 8%), and much below the prediction for other materials, such as spinels [52] or perovskites [11] . It follows the trend of volume reduction as Ca ions are removed from the structure. Further Ca deinterclation beyond the oxidation to Co 4+ is predicted at too high operating voltages (above 3.8 V, see Fig. S.1.) exceeding the stability limit of the reported electrolytes allowing reversible calcium plating/stripping [53, 54] . Therefore, the oxidation state of Co ions, and not the amount of Ca ions in the compounds, limits the practical specific capacity of these materials. b) Calcium diffusion Cation diffusion in the active material is a necessary pre-requisite for electrochemical activity. Factors controlling diffusion are based on crystal chemistry: the existence of suitable Ca migration pathways within the structure, the topology around the diffusing ion, and the electrostatic interactions between the diffusing cation and the lattice constituents. The migration energy barriers, which can be extracted from DFT calculations, provide an approximate estimate of the ionic diffusivity. For an optimum electrode performance (C/2 rate) the migration barriers should be below 0.5 eV for micrometer particles and 0.625 eV for nanosized particles [4, 6] .
3D-Ca 2 Co 2 O 5 . In a previous investigation we found calculated energy barriers exceeding 2 eV for Ca diffusion in perovskite materials [11] . Fig. 3a depicts possible Ca pathways in the brownmillerite structure. In the b axis, interconnect Ca sites form a channel where Ca diffusion would require the combination of two hops labelled as 1 and 2. Several calculation attempts failed to reach convergence for path 2. For path 1 the calculated energy barrier is 2.3 eV, which is not surprising since the path's topology is equivalent to that in the perovskite structure. This large barrier impedes Ca diffusion along this channel.
Diffusion in the ac plane, consisting of tetrahedral [CoO 4 ] units, might occur along jumps 3, 4 (arrows in Fig. 3a) and their combination. Pathway 4 is particularly interesting; the oxygen vacancies respective to the perovskite structure condense creating a zig-zag channel for potential Ca motion (red dashed line in Fig. 3a) . The calculated energy barrier for path 3 (2 eV) is or the same order than in the perovskite. Noteworthy, the barrier lowers to 1.3 eV for pathway 4 (see Fig. 3b ). In this pathway the initial and final Ca sites share edges, being connected through a site that does not share any face with the CoeO polyhedra. This contrasts with the perovskite structure, where the intermediate site shares a face with the transition metal octahedral, resulting in high electrostatic Ca-transition metal repulsions [11] . Therefore, the oxygen vacancies in the brownmillerite structure produce a more favourable topology around the diffusing Ca ion thereby reducing the migration barrier from 2 eV to 1.3 eV.
2D-Ca 4 Co 5 O 12 (Ca 3 Co 4 O 9 ). Fig. 4a displays the two-dimensional pathway for Ca diffusion in the ab plane, projected on the CoeO layers above and below the CaeO layer. Because of the mismatch between the RS and HX subsystems, the initial Ca ion (in pink) is displaced from the tetrahedral site of the HX-layer. This produces an energy difference of 0.4 eV between the initial and final Ca sites. To the best of our knowledge, this is the first time that ionic diffusion in a misfit compound is investigated by DFT methods, and the significance of the cell approximant necessitates a profound analysis, which is out of the scope of the present investigation. With the approximant utilized in this work, the calculated energy landscape (Fig. 4b ) displays a minima in between the two Ca-sites with an overall barrier of 0.9 eV. Additional calculations using the climbing image nudged elastic band method [55, 56] give equivalent results (blue circles in Fig. 4b ). Although this energy barrier is substantially below those reported for other oxides, it exceeds the aforementioned tolerable limit for high rate cathode performance [4] . More computational and experimental work is needed to either discard or confirm the suitability of Ca 3 Co 4 O 9 as low-rate cathode material.
1D-Ca 3 Co 2 O 6 . In this structure, the Ca ions form an interconnected 3D network. We have calculated the barrier for Ca 2+ diffusion along the three possible directions, considering the simplest Ca 2+ diffusion mechanism where a Ca 2+ ion jumps to an empty neighboring site (see Fig. 5a ). Paths 1 and 2 have calculated energy barriers of 0.9 eV (Fig. 5b) , while mobility in path 3 in prohibited by an energy barrier exceeding 3 eV. Fig. 5c ions forces the diffusing Ca to move across the oxygen-oxygen dumbbell (with very short CaeO distances of 2.02 Å) hence raising the energy barrier.
c) Calcium de-insertion from Ca 3 Co 2 O 6
A recent experimental work [14] proves that the deinsertion of c.a. The latter is isostructural with BaCoO 3 , this is to say, the n = ∞ member of the homologous series with all Co ions in octahedral sites. As aforementioned, the Co chains in Ca 3 Co 3 O 6 are built by alternating face-sharing CoO 6 octahedra and trigonal prisms along the hexagonal c axis. Previous works [35, 36, 41, 57] concluded that the Oh-Co 3+ have nearly nonmagnetic contribution (Low Spin t 2g 6 ), while the TP-Co 3+ are in a High Spin state of~3 μB/Co. In good agreement, in the present work, the analysis of the crystal structure and unpaired charge density around the Co ions (see Fig. 6a ) yielded two types of Co 3+ ions; LS-Oh and HS-TP. A scheme of the d-configuration for both TP-Oh-Co 3+ related to crystal field energy splitting (CFSE) is provided in Fig. S.2 . Basic CFSE arguments indicates that a Co 3+ ion is more stable in a LS-Oh than in HS-TP coordination. Indeed, Hoffmann et al. [58] pointed out that the preference for the octahedron vs the trigonal prims will be maximal for the low spin d 6 configuration. Their extended Hückel calculations on metal complexes gave for Cr(CO) 6 (a prototype for d 6 configuration) an energy for the octahedron 1.3 eV lower than that for an idealized prism.
DFT data indicates that Ca deintercalation has a notorious effect in the CoeO skeleton of Ca 3 Co 2 O 6 . Fig. 6b shows the Co chains in the Ca 3 Co 2 O 6 and Ca 2 Co 2 O 6 crystal structures. Upon deintercalation the trigonal prism sites evolve to distorted octahedral coordination, thereby in the optimized Ca 2 Co 2 O 6 structure all the Co 4+ ions reside in octahedral sites. The coordination sphere presents three sets of CoeO distances, which are aligned in the structure (see Fig. 6c ). This distortion is related to a LS-Co 4+ t 2g 5 electronic configuration, as inferred from the unpaired spin density around Co centers (Fig. 6a) . Importantly, the same features are observed independently on the methodology (GGA, GGA + U or GGA-OPT). Results for the optimized structure of BaCoO 3like Ca 2 Co 2 O 6 also evinced only octahedral-coordinated LS-Co 4+ t 2g 5 ions. Note that the Co-(t 2g 5 e g 0 ) configuration has also been found in 1D-BaCoO 3 [59] . Finally, in the optimized structure of Ca 2.5 Co 2 O 6 half of the Co-TP retain its coordination, and the other half distort to Oh. These results are in agreement with the deinserted samples being members of the homologous series Ca n+2 CoCo′ n O 3n+3 . Importantly, once Co 4+ ions adopt the octahedral coordination, a CFSE penalty accompanies the recovering of the TP-Co 3+ ion upon subsequent Ca intercalation in Ca 2 Co 2 O 6 or Ca 2.5 Co 2 O 6 . In addition, Ca deinsertion also affects the Casublattice of Ca 3 Co 2 O 6 . The analysis of the two optimized Ca 2 Co 2 O 6 and in the BaCoO 3 -like structure reveals that the Ca ions rearrange from their initial sites, attaining a distinct coordination polyhedra (see Fig.  S.3.) .
The above results indicate that Ca deinsertion from Ca 3 Co 2 O 6 is not a topotactic reaction and that a phase transformation takes place upon Ca deinsertion. The characteristic electronic structure of Ca 3 Co 2 O 6 disappears due to the oxidation of HS-TP Co 3+ to LS-Oh Co 4+ and the Ca ions rearrange in a new sublattice. Therefore, Ca intercalation in Ca 2 Co 2 O 6 to recoup the initial Ca 3 Co 2 O 6 structure seems unlikely. Yet, the new phase Ca 2 Co 2 O 6 could uptake Ca ions if favourable pathways for Ca migration were available in the structure. For completeness we have evaluated the energy barriers for Ca hopping in the BaCoO 3 -like Ca 2 Co 2 O 6 (see Fig. 7 ). The pathway along the c direction where the Ca ion exit across a triangular face is prohibited with an activation barrier larger than 2 eV. In the zig-zag pathway (labelled as 2 in Fig. 7 ) the diffusing Ca ions passes across a quadrangular window, with an activation energy of 1.1 eV. These results suggest that Ca mobility might be hindered in the oxidized Ca 2 Co 2 O 6 phase respective to the initial Ca 3 Co 2 O 6 .
Conclusions
This work comprises the DFT investigation of calcium deinsertion from the cobalt-oxide frameworks of 1D-Ca 3 Co 2 O 6 , 2D-Ca 4 Co 5 O 12 and 3D-Ca 2 Co 2 O 5 materials , in order to evaluate their electrode characteristics for Ca-based batteries. For the three materials, the Co 3+ /Co 4+ redox couple falls in the 3-4 voltage window, being compatible with the known electrolytes. A positive finding is the low volume variation associated to the Ca deinsertion reactions (below 8%). The calculated energy barriers for Ca 2+ migration (1.3 eV for the 3D, and 0.9 eV for both the 2D and 1D oxides) are indicative of a hampered Ca diffusivity in these materials. Despite these barriers are considerably lower than the reported for other oxides, they are still too high as to permit a good Ca diffusion, thereby impeding a fast kinetics for the deintercalation reaction. Yet, some electrochemical activity might be expected at low rates, as experimentally confirmed for Ca 3 Co 2 O 6 at C/ 200 rate [7] . In that line, 2D-Ca 3 Co 4 O 9 is other interesting material for further experimental and computational investigations. Unsurprisingly, average insertion voltages, volume variation and theoretical specific capacities are not correlated with the lattice dimensionality. Regarding diffusion, layered (2D) materials are attractive as Ca-cathodes since the expandable interlayer space might facilitate Ca 2+ intercalation. Yet, we found no evidence to expect a superior cathode performance for 1D/2D structures, at least for the present case where the deliverable specific capacity is determined by the redox couple, and some Ca ions will unavoidably remain in the decalciatedphases. Excluding the potential benefit of an empty interlayer/interchain space expansion, our results support that the local topology rather than the dimensionality is the main factor in Ca diffusion.
The reversibility of the Ca intercalation reactions is a major concern already remarked in the experimental investigations of CaSi 2 [60] , TiS 2 [7] , MoO 3 [61] and Ca 3 Co 2 O 6 [14] . The four materials display electrochemical activity, associated to Ca extraction or insertion, but with the common feature of a poor or negligible reversibility. Advances in experimental protocols and set-up are mandatory to discern whether irreversibility obeys to inherent properties of the cathode materials, or to issues related to the electrolyte and interfaces. In the case of 1D-Ca 3 Co 2 O 6 , the present investigation discloses that Ca-deintercalation drastically modifies the electronic/crystal structures as well as the existing Ca-diffusion pathways. This phase transformation upon Ca deinsertion (Co 3+ oxidation) may compromise the reversible capacity of Ca 3 Co 2 O 6 as cathode material. 
